A pure culture of a bacterium was obtained from a marine microbial mat by using an anoxic medium containing dimethyl sulfide (DMS) and nitrate. The isolate grew aerobically or anaerobically as a denitrifier on alkyl sulfides, including DMS, dimethyl disulfide, diethyl sulfide (DES), ethyl methyl sulfide, dipropyl sulfide, dibutyl sulfide, and dibutyl disulfide. Cells grown on an alkyl sulfide or disulfide also oxidized the corresponding thiols, namely, methanethiol, ethanethiol, propanethiol, or A variety of alkyl sulfides are found in the environment: methanethiol, dimethyl sulfide (DMS), and dimethyl disulfide (DMDS) typically occur as natural products in pelagic regions (3, 11, 18) and sediments (17, 34, 40) . Higher alkyl sulfides such as alkyl thiols and dialkyl sulfides and polysulfides are present in animals (20, 24, 46) , animal manure (25), and kerogens (27, 30) or are associated with sewage treatment plants (21) and the activities of the wood-pulping industry (4, 22) . DMS has received special attention because it is linked to atmospheric sulfate production, which results in cloud formation (2). Metabolism of organic sulfur compounds has been studied in pure cultures of hyphomicrobia (5, 36), thiobacilli (12, 31, 32, 40) , a pseudomonad (47), methanogens (8, 19, 28), and anoxygenic phototrophs (41, 43). Evidence from slurry experiments showed that sulfate reducers were potential DMS consumers as well (17).
A variety of alkyl sulfides are found in the environment: methanethiol, dimethyl sulfide (DMS), and dimethyl disulfide (DMDS) typically occur as natural products in pelagic regions (3, 11, 18) and sediments (17, 34, 40) . Higher alkyl sulfides such as alkyl thiols and dialkyl sulfides and polysulfides are present in animals (20, 24, 46) , animal manure (25) , and kerogens (27, 30) or are associated with sewage treatment plants (21) and the activities of the wood-pulping industry (4, 22) .
DMS has received special attention because it is linked to atmospheric sulfate production, which results in cloud formation (2) . Metabolism of organic sulfur compounds has been studied in pure cultures of hyphomicrobia (5, 36) , thiobacilli (12, 31, 32, 40) , a pseudomonad (47) , methanogens (8, 19, 28) , and anoxygenic phototrophs (41, 43) . Evidence from slurry experiments showed that sulfate reducers were potential DMS consumers as well (17) .
Anaerobic organic-sulfur metabolism is of interest because relatively high concentrations of methanethiol, DMS, and DMDS have been reported for anoxic marine sediments (17, 34, 40) . Recently, it was shown that polysulfides, which occur in high concentrations in some marine sediments (23, 39) , react rapidly with organic matter to form organic polysulfides (38) .
Metabolism of alkylsulfides other than methylated compounds has not been studied extensively. Kelly and Smith (15) thioparus E6 (32) , and Hyphomicrobium strain EG (36) . Biological production of ethane from ethanethiol and DES in aquatic sediments was reported (29) . Inhibitor studies of slurried sediments from Mono Lake, Calif., showed that methanogens were involved in alkyl sulfide metabolism. The aim of the present study was to isolate an organism capable of growth on alkyl sulfides under oxic and anoxic conditions.
MATERIALS AND METHODS
Site description and isolation. Sediment cores were taken from a developing microbial mat near a tidal creek in a Spartina-dominated salt marsh on Sapelo Island, Ga. Chlorophyll a content in the cyanobacterial layer (1-to 4-mm depth) was 98 ,ug cm3 of sediment-', and a black reduced layer containing FeS (0.2 ,umol. cm-3) extended from a depth of 8 to 25 mm. Dilution series were prepared from depth horizons of 0 to 5, 5 to 10, and 10 to 20 mm in 13-ml Hungate-type screw-cap tubes and sealed with a butyl rubber septum (Belco, Vineland, N.J.). The tubes contained filtered and autoclaved seawater and carbonate-buffered (19 mM) synthetic medium (1:1, vol/vol).
Medium and growth conditions. The medium contained (in grams per liter) NaCl (25.0), NH4Cl (0.2), CaCl2 2H20 (0.225), KCl (0.2), MgCl2. 6H20 (0.2), KH2PO4 (0.02), and Na2CO3 (2.0) and was supplemented with FeSO4 7H20 (1 mg/liter), 1 (35) . Acid volatile sulfide in field samples and sulfide in laboratory samples was measured by the methylene blue method (37) . Polythionates and thiosulfate were determined colorimetrically after cyanolysis (14) . Sulfate was measured by anion-exchange ion chromatography with a Dionex Ionpac AS4A column (4-mm diameter, 250 mm long) and conductivity detection. The eluent buffer consisted of 1.8 mM Na2CO3 and 2.1 mM NaHCO3, and the flow rate was 1.5 mlmin. Volatile organic sulfur compounds were measured by headspace analysis on a gas chromatograph. A Shimadzu model GC-14A gas chromatograph (Shimadzu Corp., Kyoto, Japan) equipped with a flame ionization detector and a column (1.4 suspensions immediately oxidized DMS but only used DES after about 1 h (Fig. 2) ; conversely, cells grown on DES immediately consumed DES but only used DMS after a lag phase of about an hour (Fig. 2) . Chloramphenicol (75 p,g/ml) blocked the eventual use of DES by DMS-grown cells and the eventual use of DMS by DES-grown cells (Fig. 2) . Furthermore, DES-grown cells consumed EMS with the accumulation of methanethiol, which was metabolized after about 60 min; the subsequent metabolism of methanethiol was prevented by chloramphenicol (Fig. 3) . In contrast, cells grown on EMS consumed EMS immediately, but without the accumulation of either methanethiol or ethanethiol (Fig.  3 ). Substrate oxidation rates were highest for butyl sulfides and lowest for asymmetrical EMS ( Alkyl sulfides, other than methylated ones, have been reported in a variety of environments. In general concentrations are relatively low, but measurements are sparse. It was shown that polysulfides, which contribute significantly to the total sulfur pool in marine sediments (1, 39) , react rapidly to form organic polysulfides (33, 38) . Thiobacillus strain ASN-1 used a range of alkylsulfides, and specific enzyme systems appear to be required for metabolism of different chain lengths. Interestingly, only a few of the other C1 compounds tested supported growth in Thiobacillus strain ASN-1: methanol and formate were used but not methylamine or trimethylamine, providing indication of an autotrophic rather than a methylotrophic nature. Growth on methanol may even be autotrophic, as shown for Thiobacillus versutus (16) and Thiosphaera pantotropha GB17M (7). C1 sulfur compounds other than DMS and methanethiol, such as S-methylcysteine and dimethylsulfoniopropionate, were not catabolized by Thiobacillus strain ASN-1. Also, organic sulfur compounds with carboxyl and hydroxyl groups were not used: neither mercaptoethanol, mercaptoacetate, nor 3-mercaptopropionate sustained growth, which suggests that the enzyme systems involved are specific for alkyl groups.
The presence and removal of alkyl sulfides have been studied in wastewater (4, 21, 22) . Le Cloirec et al. (22) reported anaerobic removal of DMDS in a biofilter from wastewater to which nitrate was added as electron acceptor.
The autochtonous bacterial population removed 65% of the DMDS fed to the system, with a maximum rate of 1 (47) . In addition to having high removal rates for methylated sulfides, Thiobacillus strain ASN-1 degrades a range of alkyl sulfides which makes it an attractive candidate for possible wastewater treatment. However, research is required on the expression of multiple catabolic pathways for the destruction of mixtures of alkyl sulfides, perhaps in the presence of sulfide and/or thiosulfate.
Previously studied species of aerobic bacteria have strikingly similar growth yields on DMS (Table 4 ). The molar yield on DMS for three Thiobacillus species and one Hyphomicrobium sp. ranges from about 12 to 13 g of protein.
The molar yield of about 17 g of protein for aerobic growth of Thiobacillus strain ASN-1 on DMS is significantly higher than this range. Two different mechanisms operate for the aerobic catabolism of DMS (42) , and a methyltransferase system is conceivably more energy efficient than DMS monooxygenase, which initially consumes reduced pyridine nucleotide. Although the yield is in part determined by respiratory requirements, the higher yield of Thiobacillus strain ASN-1 suggest that the methyltransferase is more efficient. The yields under anoxic conditions of a methanogen and an anoxygenic phototroph were, as expected, much lower than values found for aerobic metabolism. In contrast, the yield of Thiobacillus strain ASN-1 growing under anoxic conditions with nitrate as electron acceptor was similar to values found for Hyphomicrobium strain EG and the other thiobacilli growing aerobically.
In addition to having high yields on DMS and thiosulfate, Thiobacillus strain ASN-1 obtained high yields on all alkyl sulfides tested in this study. This strain was able to catabolize these compounds under oxic and anoxic conditions by utilizing inducible or derepressible enzyme systems, as the experiments with DMS-, DES-, and EMS-grown cells showed. The use of alkyl sulfides by other organisms has not been studied well, so that it is difficult to assess the competitive position of our isolate in the environment. Also, in order to evaluate the consumption of alkyl sulfides of 7hio-bacillus strain ASN-1 in situ, i.e., at low substrate concentrations, the kinetic parameters half-saturation constant (Ks) and p.ma. need to be determined in continuous culture. 
